from extrapulmonary sites as a result of hematogenous, lymphatic, or transcoelomic spread. Colorectal cancer, osteogenic and soft tissue sarcoma, head and neck cancer, malignant melanoma, germ cell tumors, and renal cell carcinomas exhibit the greatest proclivity for pulmonary metastatic spread. [1] [2] [3] [4] [5] [6] [7] Once primary tumors metastasize, they become notoriously difficult to treat and confer much higher morbidity and mortality. However, in select patients, pulmonary metastasectomy can be performed with curative intent. Complete surgical excision is often technically feasible with low perioperative morbidity and mortality. 1, 3, 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Pulmonary resection is only considered suitable for patients with control of primary disease, no widely disseminated or uncontrolled extrapulmonary metastases, completely resectable lung metastases, and adequate cardiopulmonary reserve to tolerate surgery. 1, 2, 9, 17) In the last 25 years, a substantial body of evidence has gradually recognized the curative potential of pulmonary metastasectomy. 1) Resection of lung metastases in carefully selected patients is now widely accepted as a surgical intervention with significant therapeutic worth in the interdisciplinary management of metastatic malignancy. Current literature reports associated improvements in both overall and disease-free survival following pulmonary metastasectomy, with 5-year survival rates ranging between 20% and 40% compared to historical controls. 1) Despite the growing evidence, it should be emphasized that only a proportion of patients diagnosed with lung metastases satisfy the typical criteria for surgical intervention. It is recognized that many dynamic factors, including the natural history of advanced malignancy, may prove to have the greatest influence on observed patient outcomes irrespective of surgical intervention.
This literature review aims to explore and synthesize the last 25 years of evidence on the long-term survival, prognostic factors, and patient selection process for surgical resection of pulmonary metastases.
Methods

Identification of studies
Eligibility criteria for inclusion in this literature review were predetermined. All relevant prospective and retrospective studies reporting prognostic outcomes of patients undergoing pulmonary metastasectomy with curative intent were identified. Specifically, this included any systematic reviews, cohort studies or case control series examining long-term survival, disease-free interval (DFI), and prognostic indicators of survival following pulmonary metastasectomy. To date, no randomized controlled trials (RCTs) investigating outcomes following pulmonary metastasectomy have been published. Studies considered eligible for inclusion reported on adult patients aged over 18 years, a diagnosis of metastatic cancer, primary focus on pulmonary metastasectomy regardless of type of resection or surgical approach, analysis of prognostic factors, and an outcome measure of long-term survival.
Search strategy
The literature search was conducted in accordance with the PRISMA 2009 guidelines. 27) The electronic database search was performed by a single independent investigator via Medline (Ovid, 1946-present) , EMBase (Ovid, 1946-present) , and Cochrane Library. The search terms included but were not limited to: metastatic cancer, lung metastases, pulmonary metastases, lung metastasectomy, pulmonary metastasectomy, resection, and pulmonary surgical procedure. The search was restricted to publications in English or translated to English and no restrictions on publication date or publication status were imposed on the search. A supplemental manual search of journals and lists within the identified articles was undertaken for additional records.
Search results
Electronic database searching retrieved a total of 490 records once duplications were removed. The final search date was 30th March 2016 and all identified articles were published between 1983 and 2016. In order for this literature review to reflect outcomes for patients undergoing modern surgical, anesthetic, and diagnostic imaging techniques only articles published in the last 25 years since 1990 were included. Following a title and abstract screen, a further 218 articles, which did not provide clinical research outcomes, were then excluded. These included duplicate or multiple publications, case commentaries, conference abstracts, eComments, and editorials. When multiple publications were identified, the most recent article was retained for review. In addition, any studies involving pediatric populations, containing a sample size of less than 30 patients or not primarily investigating pulmonary metastasectomy were also excluded. The remaining articles were then reviewed in full text and 171 articles were excluded in accordance with the aforementioned eligibility criteria. The final 78 full-text articles were comprehensively reviewed for inclusion in this review article (Fig. 1) .
Discussion
Historical context
The first published report of pulmonary metastasectomy in 1882 described the resection of two incidental pulmonary metastases during the surgical excision of a chest wall sarcoma. 28) In 1927, Divis then outlined the first planned metastasectomy 29) while Alexander and Haight reported the earliest series of lung resection for solitary metastases in 1947, demonstrating significant 3-year survival in 24 patients. 30) The largest case series during this period was conducted at the Mayo Clinic by Thomford et al. in 1965 . This observational study demonstrated a 5-year survival of 31% among 205 patients undergoing 221 lung resections for metastatic cancer and proposed principles for patient selection. 31) During the 1960s to 1970s, reports of pulmonary metastasectomy for specific primary tumor types emerged and in 1979 McCormack and Martini demonstrated the potential survival benefits following multiple lung resections for patients with bilateral or multiple metastases. 32) Since then the momentum of evidence supporting the utility of pulmonary metastasectomy has been building gradually until Pastorino et al. published a landmark large-scale cohort study in 1997. The International Registry of Lung Metastases was established in 1991 aiming to assess the long-term outcomes of pulmonary metastasectomy. From the 5206 cases examined in the registry, Pastorino et al. reported a 5-year survival of 13% to 36% and concluded that surgical resection of lung metastases is a safe and potentially curative procedure. 1) Since this time extensive literature has emerged supporting pulmonary metastasectomy as a surgical intervention of significant therapeutic value in the interdisciplinary management of metastatic cancer.
Current evidence base
Historically, metastatic spread has always been an omen of poor prognosis. While it is still widely acknowledged as a sign of advanced malignant disease, in recent decades the greater efficacy of systemic therapy and advancements in diagnostic imaging have significantly improved the prognosis of patients diagnosed with metastatic cancer. As survival outcomes continue to improve, the role of pulmonary metastasectomy with curative intent is increasingly germane in the modern age.
Selection criteria
In the last 25 years, a surge in published observational studies has established the current evidence base. Case series, cohort studies, and review articles published since the 1990s outline an abundance of retrospective data that supports the potential survival benefits of resecting lung metastases in select patients. 1, 2, 9, 33, 34) This broad foundation of evidence has heralded the almost ubiquitous acceptance of pulmonary metastasectomy as a safe and potentially curative surgical intervention. Careful selection of appropriate surgical candidates is paramount to ensure lung resection can be performed with curative intent and minimal perioperative morbidity or mortality. Reported perioperative mortality and morbidity ranges from 0% to 2.5% and 1.0% to 16.0%, respectively. 14, 16, 35, 36) Often the process of selection is guided primarily by clinical evaluation and imaging. Since the majority of pulmonary metastases are asymptomatic, patient symptoms rarely feature in the decision-making process. Symptomatic metastases are uncommon but in approximately 15% of patients symptoms can include cough, hemoptysis, and chest discomfort. 37) Most commonly lung metastases are identified as incidental findings on radiographic imaging. The criteria for selecting patients for surgery have been gradually expanding since first proposed by Thomford et al. in 1965. 31) These general selection criteria are now widely recognized with more than 400 publications confirming its utility. 40) However, there remains a need to develop specific and robust guidelines to optimize the process of selecting surgical candidates for pulmonary resection. There is also a need to ascertain the true proportion of patients with secondary lung metastases that are amenable to curative surgery, but the true clinical denominator is notoriously difficult to establish accurately. 1, 24, 33) 
Survival
The primary malignancies that exhibit the greatest proclivity for metastatic spread to the lungs include colorectal cancer, osteogenic and soft tissue sarcoma, malignant melanoma, head and neck cancer, germ cell tumors, breast cancer, and renal cell carcinoma. [1] [2] [3] [4] [5] [6] [7] Each primary cancer exhibits a different natural history and pattern of spread and therefore confers markedly different survival rates following pulmonary resection. Overall, current literature reports 5-year and 10-year survival rates of 20.0% to 48.0% and 15.8% to 37.7%, respectively, for all primary cancers following pulmonary metastasectomy. 1, 25, [40] [41] [42] [43] [44] The 78 articles included in this review reported a wide range of survival rates specific to primary tumor types. Colorectal cancer exhibited overall 5-year survival of 24.4% to 82.0% and 10-year survival of 11.0% to 48.4%, with a median survival time of between 33.9 months to 98.0 months. 2, 4, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 36, 39, [45] [46] [47] [48] Sarcoma including both osteosarcoma and soft tissue sarcoma is reported to have post-pulmonary metastasectomy survival of 15.0% to 54.6% 5-year survival and 11.0% to 44.9% 10-year survival, with a median survival of 16.0 months to 60.2 mon ths. 3, 5, 7, 21, 23, 24, 26, 35, 38, [49] [50] [51] [52] [53] Malignant melanoma holds a notoriously dismal prognosis once metastatic spread occurs. Following resection of metastatic melanoma to the lung, long-term survival ranges from 14.0% to 41.0% 3-year survival and 21.0% to 34.0% 5-year survival, with a median survival ranging between 19.0 months to 35 months. 1, 2, 22, 44, 54) In contrast, survival following the resection of germ cell tumor metastases is markedly more optimistic with 5-year and 10-year survival ranging between 42.0% to 82.0% and 63.0% to 86.0%, respectively. 6, [55] [56] [57] Head and neck cancers are reported to have 5-year survival of 29.1% to 57.9% and 10-year survival of up to 35.0%, with a median survival 26 months. 34, 58) Similarly, breast cancer has reported 5-year survival of 38.0% to 59.6% and 10-year survival of 22.0% to 43.0% following pulmonary metastasectomy, exhibiting a median survival between 35.0 and 82.4 months. [59] [60] [61] Renal cell carcinoma has also been demonstrated to exhibit 3-year and 5-year survival rates of 49.0% and 31.0%, respectively. 62) Overall, the wide variability in survival rates published in current literature most likely the reflects a myriad of influential factors including patient selection bias, natural history of metastatic disease, efficacy of available systemic therapy, and disparities in patient follow-up periods.
Prognostic factors
A number of prognostic indicators have been proposed in an attempt to predict better survival outcomes for patients undergoing pulmonary metastasectomy. Primary tumor type and histology, DFI, completeness of resection, surgical approach, number and laterality of lung metastases, and lymph node metastases all play a dynamic role in determining patient outcomes. There is a definite need to continue reviewing these prognosticators to optimize the selection process for surgical candidates. Judicious preoperative screening will identify patients who will benefit most from pulmonary metastasectomy and those who should avoid unnecessary loss of lung parenchyma. 26) 
Primary tumor
Primary tumor type and histology remain important considerations in the interdisciplinary approach to metastatic disease. Germ cell cancers are consistently reported as demonstrating the best survival post-pulmonary metastasectomy of all primary tumor types. 1, 6, [55] [56] [57] Survival following the development of germ cell tumor metastases has improved dramatically since the advent of cisplatin-based chemotherapy, but residual pulmonary nodules remain common requiring surgical intervention. In 1997, Pastorino et al. demonstrated that patients with germ cell tumors had by far the best survival, with 68% 5-year and 63% 10-year survival. 1) In contrast, metastatic melanoma has limited systemic treatment options and proves to hold the worst prognosis. 1, 22, 54) Peterson et al. conducted the largest cohort study of 1720 patients in 2007 reporting a dismal median survival of 7.3 months after the development of pulmonary metastases without intervention. However, significant survival advantage was found for patients undergoing complete resection of lung metastases when compared with patients not undergoing surgical resection, with 5-year survival rates of 21% compared with 3%. 54) Primary sarcomas exhibit the largest range of histological subtypes. Suzuki et al. in 2006 compared the histology of 105 sarcoma patients, finding no prognostic influence on the survival of patients with lung metastases from osteosarcoma or soft tissue sarcoma subtypes. 7) Similarly, Kim et al. ascertained no survival difference between the four most common sarcoma histological subtypes of osteosarcoma, malignant fibrous histiocytoma, leiomyosarcoma, and chondrosarcoma. 24) It is noted that these findings may be limited by relatively small comparison groups (n <20). In contrast, Younes et al. in 2012 outlined the significant difference in survival between histological subtypes of sarcoma patients. By conducting a large cohort study involving 440 patients with larger comparison groups (n >60), osteosarcoma and soft tissue sarcoma patients demonstrated statistically significant differences in median survival of 27.0 months and 41.8 months, respectively. 44) Advanced stage colorectal cancer remains one of the most common causes of pulmonary metastases and currently no studies directly comparing surgical intervention with supportive care have been reported. 63, 64) Stage IV colorectal cancer without chemotherapy or surgical intervention notably carries a dismal prognosis, with a 5-year survival rate of less than 10% 63, 64) and a median survival time of 5.0 months even with optimal supportive care. 65, 66) Similarly, inoperable metastatic head and neck cancers exhibit an equally poor median survival of between 5.7 and 6.1 months despite systemic therapy, with no reported studies comparing chemotherapy or surgery with supportive care alone. 67, 68) Historically, metastatic breast cancer holds an ominous prognosis with a reported median survival of 24 months 69) and 5-year survival of 5% to 10% following traditional chemotherapy regimens. [70] [71] [72] However, breast cancer survival rates have improved dramatically over the last two decades. The introduction of national breast cancer screening programs, improved diagnostic and biopsy techniques, coupled with advancements in targeted chemotherapy, hormonal therapy, and aggressive surgical management has seen 5-year survival rates rise from 52% to 85.1% since the 1970s. 72) Tumor histology is undoubtedly an important prognostic factor following pulmonary metastasectomy as it guides the consideration of adjuvant therapy and ultimately, the selection of patients with favorable natural history may prove to have the greatest impact on overall survival outcomes.
Disease-free interval
DFI is consistently shown in recent literature to have a significant influence on long-term survival of pulmonary metastasectomy patients. This measure can provide a clinical impression of the either indolent or aggressive nature of a primary malignancy. Of the 56 studies examining DFI included in this review, 42 studies determined DFI to be a significant prognostic indicator of survival. Blackmon et al. in 2009 published a series examining 234 sarcoma patients. Results from evaluating DFI as a continuous variable found that for every month DFI increased there was a significant improvement in survival, and they concluded that a DFI > 24 months appears to be one of the most important prognostic factors. 49 42) These results corroborated the findings from Pastorino et al. in the International Registry of Lung Metastases, which first outlined that a DFI of >36 months is associated with improved 5-year and 10-year survival rates of 45% and 29%, respectively, when compared with a DFI of 12-35 months (31% 5-year and 22% 10-year survival) or <12 months (33% 5-year and 27% 10-year survival). 1) Conflicting evidence does exist surrounding the utility of DFI as a prognostic indicator. In this review, 14 studies determined no statistically significant link between DFI and long-term survival. McCormack et al. in 1992 compared 144 patients undergoing lung resection for colorectal metastases. No significant survival difference was found when comparing patients presenting with synchronous metastases, a DFI of <12 months and a DFI of >12 months. 47) Since then a number of studies have demonstrated similar non-significant results in metastatic sarcoma, melanoma, breast, and renal cancer populations. 7, 22, 60, 62) The definition of DFI also remains heterogeneous. 11) Traditionally, DFI is defined as the period of time between the primary treatment of a malignancy and the first sign of disease recurrence or metastatic spread. It is generally accepted as an indicator of the rate of disease progression and thereby correlated with prognosis. However, DFI appears frequently in current literature defined as the period of time between primary cancer treatment and the first sign of lung metastases or date of pulmonary metastasectomy. 3, 5, 15, 21, 23, 24, 35, 45, 50, 51, 58) This definition, unless explicitly stated, fails to acknowledge if extrapulmonary metastases have developed prior to lung metastases. Perhaps even more problematic is when DFI is calculated as the time from primary treatment until the date of pulmonary metastasectomy, 5, 23) as clearly the date of metastasectomy does not equate to the date of relapse. Commonly, a suspicious nodule discovered during follow-up is monitored for sinister signs of growth or evolution and consequently may not be resected until months or years after first being detected. A significant overestimation of DFI can therefore occur and this must be considered when interpreting results. Ultimately, while the traditional definition of DFI may arguably be a more accurate reflection of disease progression, it is still difficult to ascertain and can be inaccurate. It is dependent on the symptoms of relapse and the degree of comprehensive follow-up imaging. But with the current practice of regular radiological surveillance to detect disseminated disease, it can allow for a much more reliable estimation of true DFI.
Complete vs incomplete resection
Standard oncological principles have always mandated the complete resection lung metastases, wherever possible, to reduce the risk of local recurrence. In the last few decades, completeness of resection has been consistently shown to be a predictor of improved survival following pulmonary metastasectomy. 1, 14, 20, 54, 62) Actuarial survival after complete metastasectomy is 36% at 5 years and 26% at 10 years compared with survival of 13% at 5 years and 7% at 10 years following incomplete resection. 1) Murthy et al. in 2005 reported completeness of resection as critical to survival. By examining 92 patients with metastatic renal cell cancer, they compared 63 patients who had complete resection with 29 patients who underwent incomplete resection. Results demonstrated 3-year and 5-year survival rates following complete resection of 59% and 42%, respectively, compared with 22% and 8%, respectively, following incomplete resection. They concluded that incomplete resection is the strongest predictor of poor survival. 62 
Surgical approach
While it is unanimous that complete resection is vital for survival benefit, the surgical approach used to achieve complete resection not universal. Open thoracotomy and minimally invasive video-assisted thoracoscopic surgery (VATS) are currently the most common surgical approaches, with median sternotomy and clamshell thoracotomy less commonly discussed. Historically, posterolateral thoracotomy was standard practice. Proponents today maintain that an open approach allows for the bimanual palpation of an entire lung to detect small nodules not seen on imaging. 11, 25, 42, 57) In mid-1990s, the advent of VATS for lung metastases raised concerns over its apparent limited ability to palpate the lung for small lesions through minimally invasive incisions. 73) In 1996, McCormack et al. prospectively evaluated the role of VATS by first performing thorascopic resection of all radiographically detected disease followed by a thoracotomy and bimanual palpation, revealing that 56% of patients had residual metastatic lesions after VATS resection. 74) Thus, fears emerged that residual disease may remain without comprehensive bimanual palpation, leading to higher recurrence rates and poorer survival outcomes. 25, 73) However, since the 1990s significant advancements in high-resolution helical computed tomography (CT) technology, combined positron emission tomography (PET)-CT scanning 57) and considerable refinements in minimally invasive surgical techniques have occurred. These improvements in the modern era have heralded the increasing the ability to detect and resect even small sub-centimeter lung nodules which were previously unseen. The clear division in opinions was surveyed by the European Society of Thoracic Surgeons (ESTS). In 2008, they reported a large-scale survey of current pulmonary metastasectomy practices, with Internullo et al. revealing that 65.1% consider lung palpation to be mandatory, 34.9% consider it not always necessary, and 40% use a thorascopic approach with curative intent. 75) Despite the ongoing debate surrounding bimanual palpation and the ability to resect all nodules, it remains most salient that there is no definitive difference in long-term outcomes between the two main surgical approaches. Current evidence has consistently reported similar recurrence rates and no significant difference in survival outcomes between open and thorascopic surgery. 12, 14, 23, 38, 40, 42, 44, 59) Pulmonary recurrence rates postmetastasectomy range from 30.6% to 69.0% regardless of the principal surgical approach. 14, 42, 48) While neither operative approach translates directly to improved longterm survival over the other, there are undeniable advantages to a VATS approach. Decreased postoperative pain, preservation of short-term lung function, shorter period of chest tube drainage, and reduced hospital length of stay are significant advantages of minimally invasive surgery. 16, 53) A number of patients also present with bilateral disease or eventually develop recurrent disease and a minimally invasive approach can make staged bilateral or repeat lung resections less difficult. 53) Rodriguez et al. in 2014 examined the rates of postoperative morbidity and mortality in a large prospective multicenter study of 532 patients with metastatic colorectal cancer. 16) The morbidity and mortality rates were 15.6% and 0.4%, respectively. In addition, they suggested a significant protective effect of VATS resection over open thoracotomy in preventing postoperative morbidity, most commonly including ongoing air leaks, atelectasis, pneumonia, arrhythmias, and acute respiratory distress syndrome. 16) Postoperative pain scores have also shown to be significantly lower after the cessation of epidural analgesia in minimally invasive thorascopic surgery by Paiva and Wright in 2004. By prospectively randomizing 52 patients to a minimally invasive thorascopic approach or limited thoracotomy, they demonstrated lower visual analogue scale (VAS) pain scores following a thorascopic approach (VAS score of 3.8) compared with thoracotomy (VAS score of 5.2). 76) Ultimately, there are currently no definitive guidelines in current literature that govern the widespread implementation of an open thoracotomy or VATS surgical approach, but there appears to be an increasing movement toward minimally invasive surgery for its undeniable benefits.
Other prognostic factors
Conflicting reports continue to emerge regarding the impact of other prognostic indicators including number and laterality of pulmonary metastases, lymph node status, and repeat metastasectomy. The presence of solitary pulmonary metastases has been found to confer better prognosis in a number of cohort studies; 1, 17, 37, 39) however, many studies also report the presence of multiple metastases has no significant influence on survival. 12, 14, 41, 43) Any reported survival benefit associated with single metastases may be related to the rate of disease progression, resectability, decreased loss of lung parenchyma, and subsequent functional volume. On the other hand, multiple metastases are often a sign of more widely disseminated disease and have been shown to be a risk factor for incomplete resection and can therefore be associated with poor survival. 62) The impact of unilateral compared with bilateral distribution of lung metastases is equally as contentious. In this review, 15 articles reported laterality as a non-significant prognosticator 3, 8, [12] [13] [14] 22, 23, [41] [42] [43] [44] 50, 59) while 11 articles described unilateral disease as a significant factor in improved survival. 4, 9, 17, 20, 21, 24, 39, 45, 51) Similarly, there are broadly inconsistent results published concerning the influence of lymph node status and the impact of repeat metastasectomy. 11, 35, 38, 41) Clearly, there is a need to continue refining these prognostic criteria to optimize the selection process of pulmonary metastasectomy candidates.
Limitations of current evidence
A cogent evidence base recognizing the curative potential of pulmonary metastasectomy has now been established. However, it must be acknowledged that the widespread acceptance of such surgery is founded on retrospective case series of highly selected patients. 52, 77) The longitudinal design of case series and cohort studies provides valuable prognostic data by deriving relative risk of death and long-term survival, but the utility of observational studies is limited. Case series and cohort studies are unable to establish direct patterns of causation between exposure and outcome. In addition, these surgical series often include patients with many different primary cancers, receiving a variety of neoadjuvant or adjuvant therapies or have small cohort sizes with limited follow-up. It is therefore difficult to determine the true therapeutic efficacy of pulmonary metastasectomy in prolonging survival based on retrospective data analysis. Fiorentino et al. expressed concerns over the current quality of evidence in 2010, concluding that "the quality [of evidence] is not sufficient to draw inferences concerning the effectiveness of this surgery." 46) There is indeed a lack of prospective studies and to date no randomized controlled data has been published. Aberg et al. in 1997 wrote "it is a scientific fallacy to assume pulmonary metastasectomy patients have the same prognosis as an untreated group with the same disease, a control group with the same characteristics as those operated on is lacking." 77) It must therefore be acknowledged that long-term survival without pulmonary metastasectomy may not necessarily approach zero and the inferred survival benefits from such surgery may be influenced by other factors.
The inherent selection bias of a surgical cohort chosen for their more positive prognostic features is one major factor. Selecting patients with (1) controlled primary disease; (2) no uncontrollable extrapulmonary disease; (3) resectable lung metastases; (4) sufficient cardiopulmonary reserve to tolerate surgery; (5) lack of a better alternative systemic therapy is now standard practice. 1,2,9,17) Surgical resection of lung metastases is often not an option for patients with rapidly progressive or widely disseminated disease. Therefore, any associated survival benefit following pulmonary metastasectomy may be in fact strongly influenced by the selection of surgical candidates who are more likely to survive. 52) The natural history of tumor progression in these highly selected patients may be the ultimate determinant of long-term outcomes. It is possible any survival advantage may indeed be a reflection of the indolent nature of metastatic disease in surgical cohorts. 36) Without adequate non-operative control data, it will remain difficult to quantitatively analyze the direct survival benefit from surgical resection. Obtaining such control data however is challenging, if not impossible. Clinical reason dictates that allowing even low-volume disease to remain without treatment is not conducive to cure. And thus it is ethically difficult to justify not offering surgical intervention to observe survival outcomes for non-operative patients. Comparing systemic medical therapy with surgical intervention is perhaps the next best option. Case matched series by Salah et al. in 2013 compared sarcoma patients with resectable lung metastases. Superior progression free and overall survival was demonstrated in patients undergoing lung resection when compared with those receiving systemic therapy alone. Overall median survival in the surgical cohort was 34.0 months compared with 12.4 months in patients receiving systemic treatment. 50) Similar associated survival benefits were published by Yhim et al. in 2010. They demonstrated significantly longer survival in patients undergoing neoadjuvant systemic therapy and pulmonary metastasectomy (4-year overall survival of 82.1%) for breast cancer than those undergoing systemic therapy alone (4-year overall survival of 31.6%). 61) It is noted, however, that these case matched series are limited by small comparison group numbers, selection bias, and heterogeneity between groups without a randomization process. Nevertheless, despite the inherent selection bias within the current evidence base, offering surgical intervention as an option within an interdisciplinary treatment approach still represents the best chance of cure for patients with low-volume metastatic disease.
The relative contribution of pulmonary metastasectomy to overall survival is also influenced by the administration of systemic chemotherapy and radiotherapy. Over the last few decades, neoadjuvant or adjuvant chemotherapeutic regimes have evolved substantially. These regimes are increasingly individualized based on specific patient characteristics, tumor biology, and drug efficacy. 45) Radical improvements in systemic therapy, as evidenced in the management of germ cell tumors and breast cancer, have also changed the role of surgical resection. It is therefore challenging for retrospective cohort studies to provide clear unbiased results on the potential benefits of pulmonary metastasectomy in patients receiving neoadjuvant or adjuvant systemic therapy. Currently, the majority of solid primary tumors that metastasize to the lung remain relatively unresponsive to available systemic chemotherapy regimens 37) and it has been reported that the extent of neoadjuvant or adjuvant chemotherapy does not have a statistically significant impact on survival outcomes after pulmonary metastasectomy. 38, 40, 48) However, these reports stem from basic binary analyses comparing those who did or did not receive systemic therapy, rather than in depth analysis of specific regimes taking into account tumor biology and drug efficacy. Further prospective evidence examining similar chemotherapy or radiotherapy protocols is required to accurately describe its true impact on survival post-pulmonary metastasectomy.
Future directions
The future indications and optimal timing for pulmonary metastasectomy within the interdisciplinary management of metastatic disease remain dynamic. Advances in chemotherapy regimens and the evolution of immunotherapy have the potential treat low-volume metastatic disease without the need for surgical intervention. In the setting of metastatic colorectal cancer, the modern age of oxaliplatin-and irinotecan-based chemotherapy alongside targeted immunotherapy agents including bevacizumab, cetuximab, and panitumumab has seen significant improvements in disease-free and overall survival. [78] [79] [80] [81] It is unlikely, however, that this will render metastasectomy surgery obsolete. These advances in systemic therapy may enable a subset of patients with advanced metastatic cancer who exhibit incomplete tumor response and develop residual drug-resistant clones to be considered for curative surgery. 82, 83) The timing of pulmonary metastasectomy in the future, therefore, may evolve to follow after induction or definitive chemotherapy when low-volume drug-resistant disease remains.
Image-guided ablative therapies including radiofrequency ablation (RFA), cryoablation, microwave ablation (MWA), and laser-induced thermal therapy (LITT) have also emerged as potential minimally invasive alternatives to surgical resection. 84) RFA and cryoablation are more commonly offered and have been shown to have similar 5-year survival rates to surgical resection. [84] [85] [86] De Baere et al., in a large retrospective analysis of 562 patients, reported overall 5-year survival of 51.5% and median survival of 62 months following RFA for pulmonary metastases, however 67% of procedures were complicated by a pneumothorax, with 58% of those patients requiring intercostal catheter insertion. 87) RFA like pulmonary metastasectomy is founded predominantly upon retrospective data and therefore liable to the same bias. 85) Currently, no prospective randomized data have been published comparing surgery to RFA. 84, 85) In 2014, Schlijper et al. conducted a systematic review comparing pulmonary metastasectomy to RFA concluding that although current evidence largely supports surgery as the most effective option, no firm conclusions can made without more robust data. 85, 86) The safety and efficacy of cryoablative therapy for pulmonary metastases is currently being examined in the ECLIPSE trial, a prospective single arm study. 88) With final outcomes yet to be published, interim analysis of the initial 35 patients has demonstrated overall tumor control in 91.4% of patients, however a complete tumor response was seen in 21.2% of patients and metastatic recurrence occurred in 40% of patients at 12 months post-cryoablation. 88) Stereotactic ablative radiation (SABR), is also known as stereotactic body radiation therapy (SBRT), offers a non-invasive option in the interdisciplinary management of pulmonary metastases. A treatment option traditionally reserved for peripherally located oligometastatic disease in those individuals who are considered poor surgical candidates. 89, 90) While encouraging outcomes have been reported in single modality studies, comparisons between SABR and metastasectomy are limited to a small number of retrospective studies. 89, 90) In 2018, Lee et al. conducted a retrospective study comparing outcomes of SABR with metastasectomy finding no significant difference in local tumor control rates and overall survival. 90) However, a significant improvement in progression-free survival following metastasectomy was described with 41.6% remaining disease free compared with 11.9% in the SABR group at 2 years. 90) Jingu et al. reported a systematic review of SABR for the control of pulmonary metastases, revealing variable local tumor control rates of between 25.0% and 97.5%, and also identified that SABR is significantly less effective at local control of oligometastatic disease from colorectal cancer than from other primary malignancies. 89) In current practice, image-guided ablation and SABR offer the opportunity to treat non-surgical candidates with limited tumor burden, but the undoubted benefits of preserving lung parenchyma in patients with compromised respiratory function or those requiring multiple treatments may lead to these modalities becoming increasingly adopted in a future interdisciplinary approach. 87, 88) While these ablative therapies do offer a minimally invasive option, they do not enable the same histopathological scrutiny as surgical resection, which can guide adjuvant systemic treatment. 84) Ablation destroys malignant tissues and tumor samples are not obtained. 84, 91) Compounding the issue is when no tissue diagnosis is available prior to ablative therapy, and often a new or enlarging lung mass on CT with PET avidity is considered diagnostic of metastatic disease. 87) Without more robust data, it is not known whether they lead to equivalent or better survival outcomes and quality of life when compared with definitive surgical resection. What is known is that surgical resection offers tissue samples for histopathology and clearly defined treatment margins, which image-guided ablative modalities are unable to. 84) The future need for comprehensive prospective data and RCTs is undeniable. In 2008, the ESTS published the pulmonary metastasectomy project, concluding that "the level of evidence to support current practice is too low to set firm recommendations to the members of the ESTS … In the absence of a randomised controlled trial looking at the effectiveness of pulmonary metastasectomy on survival and quality of life, it is unlikely that current practice will ever be influenced." 75) However, the feasibility of conducting such a trial remains uncertain. Valerie Rusch has noted the dynamic nature of pulmonary metastasectomy surgery explaining that "In the era of both rapidly evolving molecular medicine and technology, it can be increasingly difficult to perform randomized controlled trials that attempt to determine the benefit of surgical resection. Such trials require many years to develop and perform … Major technological improvements in radiotherapy and ablative therapies also have the potential to alter the indications for surgery or render surgical intervention obsolete." 92) Shonio et al. in 2009 stated that a prospective randomized trial deriving the benefit of surgical resection over supportive care alone would be ethically difficult and impractical. 58) Multiple authors have since echoed these views, with opinions on the feasibility of conducting such a study ranging from "unlikely" to "impossible." 14, 26, 53) How do you concretely define the cohort of patients to be randomized? Is it ethically justifiable to consent patients to potentially receive non-active treatment? Can such a study reliably deduce the exact number needed to treat (NNT) to find those patients who will truly achieve survival benefit from pulmonary metastasectomy, and at what cost to those patients randomized to the conservative or non-treatment arm? These are just some of the questions surrounding the development of such prospective research. While comparing surgical resection to active monitoring is not ethically acceptable, a comparison with systemic medical therapies is currently underway. Treasure et al. in 2009 established the Pulmonary Metastasectomy in Colorectal Cancer (PulMiCC) trial to discover the patterns of survival when comparing pulmonary metastasectomy and best medical therapy. This ambitious phase III RCT is aiming to address the need for prospective data for metastatic colorectal cancer patients. It is indeed hoped that this study will be able to answer the feasibility questions raised and optimize the patient selection process. The PulMiCC trial is currently ongoing and it is anticipated the results will be of keen interest in the thoracic oncology field.
Conclusion
The diagnosis of lung metastases is widely acknowledged as a sign of advanced malignant disease with poor prognosis. Modern interdisciplinary management of metastatic cancer mandates the consideration of all treatment options from chemotherapy or radiotherapy to surgical intervention. Over the last few decades, the potential survival benefits following pulmonary metastasectomy has been increasingly recognized in medical literature. The foundation of evidence has seen the widespread acceptance of lung resection for metastatic cancer as a safe and potentially curative procedure. 1, 2, 9, 33, 34) However, controversy does exist with concerns over the quality of such evidence. 52, 77) Future prospective data will support the development of specific and robust guidelines to optimize the process of selecting surgical candidates for pulmonary metastasectomy.
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